In component-based modeling, a complex system is represented as a series of loosely-integrated components with defined interfaces and data exchanges that allow the components to be coupled together through shared boundary conditions. Although the component-based paradigm is commonly used in software engineering, it has only recently been applied for modeling hydrologic and earth systems. As a result, research is needed to test and verify the applicability of the approach for modeling hydrologic systems. The objective of this work was therefore to investigate two aspects of using a component-10 based software architecture for hydrologic modeling: (1) simulation of feedback loops between components that share a boundary condition and (2) data transfers between temporally misaligned model components. We investigated these topics using a simple case study where diffusion of mass is modeled across a water-sediment interface. We simulated the multi-media system using two model components, one for the water and one for the sediment, coupled using the Open Modeling Interface (OpenMI) standard. The results were compared with a more conventional numerical approach for solving the system where the domain is represented by a single multidimensional array. Results
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showed that the component-based approach was able to produce the same 20 results obtained with the more conventional numerical approach. When the two components were temporally misaligned, we explored the use of different interpolation schemes to minimize mass balance error within the coupled system. The outcome of this work provides evidence that componentbased modeling can be used to simulate complicated feedback loops between
Introduction
Watershed-scale hydrologic models are commonly used tools in water resource management. They are applied to better understand water quality conditions, surface water and groundwater allocations, floodplain management, flood warning, and a range of wa-
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ter resource management activities [Wurbs, 1998 ]. Modeling hydrologic processes at the watershed-scale is challenging for many reasons including the multidisciplinary nature of watersheds where human, ecological, hydrological, and economic factors can influence how water is transported through natural and built systems. Watershed-scale modeling also introduces significant data collection and management challenges that must be addressed using sophisticated information systems and data management approaches [Dozier , 1992; Horsburgh et al., 2008; Goodall and Maidment, 2009] . At an even more fundamental level,
watershed-scale models must simulate hydrologic processes and flow paths that are difficult to describe and to parameterize within a simulation model (see Beven [2002] for a summary).
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Despite these challenges, there are a number of examples of watershed-scale hydrologic models developed by the scientific and engineering community [Singh, 2006] . Each model has been designed to address specific requirements, yet these models include significant overlap in terms of repetitive process representations and duplication of effort. As the demands and stresses placed on water resources continues to increase, the hydrologic science community would benefit from consolidating model development effort so that a community of modelers can work collaboratively to build models capable of addressing a variety of complex water resource management challenges. We argue, along with others [ Voinov et al., 2010] , that a key step along this path is to understand how software engineering and information technology can be leveraged in order to allow for multi-50 developer modeling efforts. That is, for future watershed models to be able to keep pace with policy and decision makers' needs, there is a need to encourage community-modeling practices; and to encourage community-modeling practices, there is a need to advance the architectural approaches that underlie watershed model codes. Therefore, this work is primarily focused on the challenge of designing watershed-scale hydrologic models from a software architecture perspective.
Many examples exist of past efforts to infuse information technology into watershed modeling and management. Most of these efforts, however, have resulted in tools that target the time-intensive process of creating model input files and analyzing model output files [Srinivasan and Arnold , 1994] , often through the integration of Geographic Informa-60 tion Systems (GIS) with simulation models [Pullar and Springer , 2000; Miller et al., 2004] . While this work has resulted in important and necessary tools, it does not fully capture the potential of modern information technologies to advance how we design core architectures of watershed modeling systems. More recent efforts in the hydrologic and earth sciences have resulted in promising approaches for integrating both the growing set of hydrologic data and models [Goodall et al., 2008; Horsburgh et al., 2008; Maidment, 2008; Voinov et al., 2010] . The focus of this work is on one of the more recent paradigms for structuring earth system models: component-based software architectures [Armstrong et al., 2002; Gössler and Sifakis, 2003; Heineman and Councill , 2001 ].
Component-based software development is a method of software construction whereby 70 a system is assembled from a set of prefabricated, reusable, and independently evolving October 26, 2011, 8: 29pm D R A F T units of code [Clements, 1995] . Developing using components allows for the construction of reconfigurable software systems in a timely and more manageable manner, where components of the system can be more easily tested and validated in isolation of and in combination with other system components [Clements, 1995; Garlan et al., 1995; Szyperski , 2002] . When the approach is applied for constructing modeling systems, simulations of a particular system can be constructed by coupling reusable components into a composition tailored for a specific modeling objective [Voinov et al., 2010] . By adhering to component interface standards, multiple developers can contribute components to the modeling system that are able to be coupled for the simulation.
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An important distinction of this work compared to previous approaches in watershedscale hydrologic modeling frameworks is between modular and component-based approaches as the underlying architecture (Figure 1 ). In a purely modular approach, model integration is achieved by placing restrictions on data structures and conventions used within modular modeling routines. In contrast, component-based approaches achieve integration by standardizing the communication interface between modeling components during a simulation run [Szyperski , 2002] . The result is a more flexible and extensible system because it is less restrictive on the internal implementation of components. To address this research goal, we conducted a hypothetical modeling exercise with the 170 objective of estimating pollution concentration in a multimedia water/sediment system.
In the first part of the study we simulated this system using two approaches: the first was a tightly-coupled numerical model and the second was as two loosely-coupled model components with one representing the water medium and the other representing the sediment medium. We used the first modeling approach to provide a point of comparison for the component-based modeling approach. The two components were coupled so that they exchanged concentrations across the water/sediment boundary through a bi-directional link during simulation runtime. In the second part of the study, we made the two components run on different time steps in order to study how interpolation schemes can be used to rescale data transfers between components during simulation runtime. Details of the 
Model Development
To better understand the application of component-based modeling for simulating fully coupled systems we considered a hypothetical case where water is above a sediment column, a constant source of a pollutant is injected into the water, and the pollutant is transported through the system by advection and diffusion. A two dimensional representation of the system can be described by the advection-diffusion equation
where C is the concentration of the pollutant (ppm) at a location (x, z) within the system at a time t, u is the velocity in x-direction, v is the velocity in z-direction (cm s −1 ), and D x and D z are diffusion coefficients in the x and z directions (cm 2 s −1 ), respectively. For simplicity, in the water medium we assumed only advective transport in the x-direction and diffusive transport in the z-direction, and in the sediment medium we assumed only diffusive transport in the z-direction. With these simplifications to Equation 1, the governing equation for the water medium becomes
where C w is the concentration of the pollutant in water (ppm), D w,z is the diffusion coefficient of the pollutant in water (cm 2 s −1 ) in the z-direction, u w,x is the velocity of the pollutant in water (cm s −1 ) in the x-direction. Similarly, the governing equation for the sediment medium after applying the simplifying assumptions becomes
where C s is the concentration of the pollutant in sediment (ppm), D s,z is the diffusion coefficient of the pollutant in sediment (cm 2 s −1 ) in the z-direction. As described earlier, we solved the system using two approaches where in the first approach the water and sediment was modeled as a single system and in the second approach the water domain was modeled separately from the sediment domain but coupled through the shared boundary condition are discussed after discretization of each domain governing equation). In the second approach for modeling the system, a boundary condition was introduced at the water/sediment interface that required C w (x, h, t) = C s (x, h, t) to be satisfied, where h is the depth of the water column (cm) as shown in Figure 3 . The initial condition of both approaches was C(x, z, 0) = 0.
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Equations 2 and 3 were solved numerically for a two-dimensional grid in the x-z dimensions as a discrete representation of the water-sediment domain ( Figure 3 ). We considered a simple domain consisting of ten rows (indexed by i's) and ten columns (indexed by j's)
to conduct the case study experiment. The water medium was represented by the top row in the domain (i = 0), while the other nine rows represented the sediment medium.
We approximated (Equation 2) using a finite difference approach with a forward explicit
where C i,j is the pollutant concentration at location (i, j). Note that the w and s subscripts were not included for C in Equation 4 because the boundary condition will be controlled by the sediment domain. The transmissive boundary condition was used at the right edge of the water domain for both approaches and was approximated using a backward difference scheme such that C w (b, z, t) = C w (b − ∆x, z, t) where b is the domain width (cm) and ∆x is the cell width (cm) in the computational grid ( Figure 3 ). Concentration within the sediment domain was approximated using a finite difference leap frog (time marching) scheme as shown in Equation 5.
Again the w and s subscripts were not included for C in Equation 5 because the boundary condition will be controlled by the water domain. This approach for approximating the 210 governing equation was chosen because it has high stability for PDEs with oscillatory solutions [Shampine, 2009] . The transmissive boundary conditions used for the sediment domain for both approaches was approximated using a forward difference scheme for the left edge,
, and a backward difference scheme for the right edge,
The sediment concentration at the bottom boundary was set to the concentration of the interior cell such that
where ∆z is the cell height (cm) in the computational grid. In solving the Equations 2 and 3, we assumed that the diffusion coefficients were constant over space and time. It is well known that a space explicit scheme does not oscillate when the Péclet Number (P e = v∆x/D) is less 220 than or equal to 2 and the Courant Number (C r = v∆t/∆x) is less than or equal to 1.
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Therefore we selected the parameter values used in the simulation (Table 1) to satisfy these conditions.
Model Implementation
We solved for concentration within the system using two approaches for structuring the code. In the first approach, which we will refer to as the conventional approach, the multimedia system was simulated using a tightly-integrated paradigm. By this we mean that the complete system, both the water and sediment medium, was represented within one code unit using a single multi-dimensional array. The numerical methods were programmed to operate on that array to solve Equations 4 and 5. The solution using this approach was implemented in Matlab. In the second approach, which we will the OpenMI to model a hypothetical case study. We therefore built the components used in this study using the OpenMI standard in order to understand how this paradigm can be used to simulate a fully-coupled system.
To create the OpenMI components for this study, we used an approach for creating process-level OpenMI components described by Castronova and Goodall there must be an interpolation process to rescale data transfers.
For both the conventional modeling approach and the two experiments using the component-based modeling approach, which are described in the following subsections, we solved for C(t) assuming a constant pollution point-source located in the first three nodes of water domain. The parameters for this study are given in Table 1 and the component configuration file attributes are given in Table 2 . A constant velocity in the x-direction, u, and a constant rate of change with respect to time were given to avoid unsteady transport in the two-dimensional field. Interaction between the water medium and the sediment 300 medium is through diffusive transport across the water/sediment boundary and therefore requires that the sediment component be able to obtain values calculated by the water component, and the water component be able to obtain boundary conditions from the sediment component during the model simulation run-time, as described earlier.
Experiment 1: Bidirectional Link
In the first experiment we used the component-based modeling approach to simulate the coupled system with a bi-directional link handling the feedback loop between the two components. The goal was to verify that the component-based model correctly simulated the system and to investigate how components coupled in a bi-directional link communicate with one another. The conventional modeling approach, where the system is solved for the entire domain with the same boundary and initial conditions, was used as a point the models at the first time step to ensure that the models were initialized with correct initial and boundary conditions, the tenth time step to check that the time marching computation and data exchange were occurring correctly, the 100 th time step to check the stability of the numerical computations in both components, and the 2000 th time step to judge the stability of the solution after a long time period. This comparison was done for time steps of 0.1 second, 0.5 second, 1 second and 10 seconds to ensure that both models were handling varying time steps correctly.
Experiment 2: Temporal Rescaling
In the second experiment we modified the component-based solution used in the first experiment so that the two components operated on different time steps. While components through three methods: the first is used to fill the buffer with values, the second to empty values from the buffer, and the third for obtaining interpolated values generated using a particular interpolation algorithm from the buffer.
The OpenMI Software Development Kit (SDK) provides a technique to interpolate between misaligned components that can be described by the following equation
where t n b is the n th entry in the buffered list, S n b is the n th scalar set in the buffered list, α is the relaxation factor, and t r is the requested time. If the relaxation factor (α) is zero, a linear interpolation is preformed. In the case where the relaxation factor is one, the return value is the nearest available value. For relaxation factors between one and zero, 340 a weighted average between these two cases is returned [Sinding et al., 2005] .
We extended the OpenMI by introducing two other interpolation techniques and applied both new implementations to our study of the impact of interpolation on overall system mass balance. The first interpolation method that we implemented was the quadratic formula (Equation 7).
The three S b,i values in Equation 7 can be applied for either uniform or nonuniform time steps. Because the water component was set to have a different time step compared to the sediment component, the storing capacity of the SmartBuffer was extended in order to perform this interpolation method.
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The second interpolation method implemented was a cubic spline scheme whereby data . This is done in such a way that both the first and second derivatives of the curve at the end of the interval match those of the approximation of the immediate left at t n and those to the approximation to the right at t n+1 . This can be expressed as
where A, B, C, and D are given as follows.
We used these two new interpolation methods implemented in OpenMI through this work (quadratic and cubic spline) along with the linear interpolation method provided through the OpenMI SDK to rescale data transfers between the sediment and water components in the composition. The goal of this second experiment was both to understand 360 the data rescaling process and how it was handled by OpenMI, and also to quantify the impact of different interpolation routines on minimizing overall system mass balance in this specific case study for varying time step differences between the two model components. 
RESULTS and DISCUSSION
The two experiments conducted through this research focus on two aspects of component-based modeling at its application to hydrologic systems. In the first experiment we explored how data is transferred between two model components linked with a bi-directional link using OpenMI. Bi-directional component communication represents a complicated case for component-based modeling, and we were interested in learning how this case is handled when modeling feedback loops. In the second experiment, we investigated the case where two components are linked but each component runs on a different 370 time step. The OpenMI includes the concept of data transformations to couple spatially or temporally misaligned components. Our goal in this second experiment was to understand how different interpolation algorithms could be inserted into the OpenMI to rescale data and minimize overall system mass balance. For both experiments, we compared the component-based model to a second model of the same system that was implemented using a more conventional numerical scheme. The conventional model was used to ensure that the component-based models produced the same results and to quantify mass balance errors in the temporally misaligned model configuration.
Results from Experiment 1: Bidirectional Link
Results from the first experiment showed that the component-based model implementation and the conventional model implementation produced identical results for the sim-380 ulation ( Figure 6 ). The results were as expected. In the first time step, the concentration increased across the water medium due to advective transport. Then, as time progressed, the mass was transported by diffusion into the sediment due to the concentration gra- on the values of that same variable calculated for the previous time step. We were able 430 to reproduce the component-based model solution using a more conventional numerical solution by making this same assumption in the conventional numerical algorithm. For some cases, the assumption that current conditions can be approximated by past conditions may not be sufficient, in which case modification of the OpenMI SDK to produce a more sophisticated means for handling component bi-directional links may be necessary.
For example, while we used an explicit scheme for the two model components in the experiment, an alternative approach would have been to implement the components using an implicit scheme. An implementation using an implicit scheme would have required iteration within a time step to obtain the correct values for the boundary conditions.
The OpenMI Technical Association has created a utility package designed to support ad-
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vanced data control of model compositions, such as iteration within a time step, that is available in a prototype form but not as part of the official OpenMI SDK. The utility package includes three data control options: iteration, calibration, and logic switch. The iteration controller is a linkable component that acts as a mediator between components and requests the models to step back one time step to adjust the values in the implicit scheme. The input exchange item of the receiving component and the output exchange item of the providing component should be connected to the same iteration controller component. Because we choose to use an explicit scheme when implementing the components, it was not necessary to use this prototype utility package for advanced control of OpenMI compositions.
Results from Experiment 2: Temporal Rescaling
In the second experiment performed as a part of this work, we studied how temporal misalignments of model components, and more specifically interpolation of component data transfers, are handled by OpenMI. Introducing different interpolation techniques to the OpenMI and using existing interpolation techniques provided within the OpenMI SDK, we were able to quantify the impact of interpolation on system mass balance error.
To explore this topic, we relaxed the assumption used in the first experiment that the water and sediment components operate on the same time step. This introduces the need to rescale data exchanges between the two components using interpolation schemes. In this second experiment we were interested in better understanding how the case of temporal misaligned of component data exchanges is handled within the OpenMI paradigm. We
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were also interested in learning how to include new interpolation algorithms into the OpenMI system, and how these different interpolation methods influence the overall mass balance error within the coupled system of components. time is before, after, or equal to its own internal time. The water component determines in this case that the requested time is less than its internal time (t s < t w ), therefore the water component will request the SmartBuffer to interpolate values at time step t s .
Finally the SmartBuffer returns the data values back to the sediment component. Thus, the SmartBuffer object is central in the interpolation process required to couple spatially or temporally misaligned model components.
As stated earlier, the OpenMI SDK provides an interpolation algorithm that can be used to implement linear interpolation, nearest neighbor interpolation, or a weighted combi-480 nation of these two interpolation algorithms. For some cases, these options may not be optimal for rescaling data between spatially or temporally misaligned model components.
Many hydrological flux and state variables follow a polynomial behavior, for example, and therefore it would be necessary to have such interpolation methods available as a part of the OpenMI toolkit. OpenMI is developed as an open source project, so we were able to extend the set of interpolation schemes available through OpenMI to include both the quadratic polynomial and cubic spline schemes as described in the Methods section.
After adding these new interpolation algorithms to OpenMI, we applied them to handle the case where the water and sediment components had different time steps. In linear interpolation, the SmartBuffer was required to store only two values to perform the in- smart buffer and increased storage required for the buffer, however this aspect of the work was not investigated in detail as part of this study. We did not notice any measurable performance costs in this work, however this was a purposely small modeling case study and so we cannot rule out the possibility of performance costs for a larger modeling exercise.
To understand the benefit of each interpolation scheme in minimizing the mass balance 500 error between the temporally misaligned coupled components, the internal time step of the sediment component (∆t s ) was fixed at one second and the water component internal time step (∆t w ) was varied from two through ten seconds with a step of one second. Three interpolation schemes -linear, quadratic, and natural cubic spline -were used to interpolate between the previous stored values and the current value of the water component value at an intermediate time equal to t s before the values are passed back to the sediment component so that it can proceed in its own calculations. Figure 9 represents the impact of each interpolation scheme on the computed sediment boundary concentration.
The comparison was done using the concentration values of the sediment boundary layer calculated when both the water and sediment components were operating on the same the error recoded at point (x = 2 cm). The cubic spline scheme best matches the actual values for small differences in time steps between the water and sediment components for 520 all three locations. As the difference between the operating times steps of the components increase, the deviation of the interpolated values using the three interpolation schemes also increases. The linear scheme shows the best results for large differences in temporal time step sizes between components. polynomial between each of the subintervals [t i , .., t i−3 ] in order to satisfy continuity at junction points between curve segments and continuity in its first and second derivatives.
This high dependence on neighboring values in space and time explains the difference in the interpolated values calculated using cubic spline scheme when compared to the values calculated using linear scheme for large time steps. Furthermore, for the first few time steps, the cubic spline interpolation is actually performing a linear interpolation because there are not a sufficient number of previous values to perform a cubic spline interpolation.
Then, once a sufficient number of previous values are available to perform the cubic spline interpolation, the interpolation scheme is able to minimize mass balance error between 550 the two coupled but temporally misaligned model components. This fact explains the sudden decrease in the mass balance error after the third time step when using the cubic spline interpolation for (∆t w = 2 s and ∆t w = 4 s).
SUMMARY and CONCLUSION
While previous work has demonstrated the benefits of using a component-based modeling design for simulating hydrologic systems, there remain important research questions about the applicability of the approach for modeling complicated system dynamics. This work provides a detailed view of two aspects of component-based modeling relevant for simulating hydrologic systems: feedback loops and misalignment of data exchanges. We explored these aspects specifically for the OpenMI component-based modeling protocol because it was designed and development for the water resource modeling community. The 
